Quantitative traits are phenotypes which vary continuously depending on the genotype as well as environmental conditions ( Falconer 1989) . The genetic variation is controlled by a number of genes, quantitative trait loci (QTL), which together determine the phenotype, even though each gene, by itself, may contribute only a small fraction of the observed trait value ( Barton and Turelli 1989; Tanksley 1993) . Until recently it was extremely difficult to identify the individual genetic components of a trait, but the advent of large numbers of molecular genetic markers opened the way for effective new methodologies which made this possible ( Dudley 1993; Lander and Botstein 1989) . Progress in identifying QTL in plant systems has been relatively rapid, whereas progress in animal systems has been slower and more costly (Patterson 1997) . Recently we have begun to explore the possibility of applying lessons learned from our research on plants to a mammalian system. For reasons which will become apparent, we have chosen a canine system as our model.
The Plant System-Soybean
Soybean is a naturally inbreeding plant with many agronomically important quantitative traits including seed number, seed weight, seed oil and protein, height and leaf area, reproductive and maturation periods, and resistance to pests and diseases. These phenotypes have been studied for years in the course of plant breeding and methods for their measurement have been standardized (Caldwell 1973) . Because the plant is easily inbred to homozygosity, trait measurements can be made using many homozygous segregant lines derived from a single cross, that is, a recombinant inbred (RI) population ( Burr et al. 1988, Mansur and Orf 1995) . A single soybean plant can yield several hundred seeds, giving rise to a large RI population within 3 years. Seeds can be stored for several years without loss of viability, making it easy to reproduce these segregants for study in different environments by different research groups. A population of 300 segregants can be stored in a space of 2-3 cubic feet and amplified to produce thousands of individuals from each segregant line within one growing season. The advantages of such a population for quantitative trait studies are enormous:
At most two alleles segregate at any locus. Effective recombinations which dissociate Figure 1 Graphical displays of soybean maturities associated with marker alleles. For each graph the population is divided into two subpopulations corresponding to the parental alleles at the marker locus. Each subpopulation is graphed as a cumulative distribution in which each RI line is ranked according to increasing maturity. At the top of each display we list the parental alleles (| or-) and the number of lines in each subpopulation in parentheses. We also list the P values and the percent phenotypic variation (R 2 ) attributed to the marker locus: (a) marker locus R079; (b) marker locus A510a; (c) R079 in the Minsoy-Archer cross; (d) R079 in the Noir-Archer cross.
In (e) we have mixed data from (c) and (d) such that half of the Minsoy population in (c) was combined with half of the Noir population from (d). In both cases, lines were chosen at random from each. a QTL allele from its parental marker allele are few [two rounds of meiosis ( Haldane and Waddington 1931) When each segregant is characterized by molecular markers, such an RI population becomes a valuable resource for quantitative genetics. Subpopulations, corresponding to either one or the other of the parental alleles at a marker locus, can be associated with a quantitative phenotype (Mansur et al. 1996; Tanksley 1993) . Examples are shown in Figure 1 , in which each segregant line is ranked in order of increasing phenotype, in this case, maturity. One major QTL linked to R079 accounts for almost 25% of the phenotypic variation ( Figure 1a) . A lesser QTL linked to another marker, A510a, accounts for only 7% ( Figure 1b) . The allelic subpopulations are more clearly separated for the QTL linked to R079. We have used likelihood methods to characterize each QTL. The log likelihood ratio ( LLR) can be converted to statistical significance (P values) using Monte Carlo simulations based on the actual dataset (Chase et al. 1997) . Segregants from two related RI populations are shown in Figure 1c (Minsoy-Archer) and Figure 1d ( Noir-Archer). The QTL for maturity linked to R079 identified in the Minsoy-Noir population ( Figure 1a ) also segregates in the Minsoy-Archer population, but not in the Noir-Archer population.
An advantage of RI lines derived from only two parents is illustrated if we mix populations. In Figure 1e , equal portions of the Minsoy-Archer and the Noir-Archer RI populations are combined into a mixed population. The presence of individuals from the Noir-Archer population decreases the relative contribution of the Minsoy R079 haplotype, reducing the ability to identify the QTL. This situation is characteristic of more complex populations ( like dogs) in which several haplotypes are present and important QTLs may be restricted to a small portion of the population.
Graphical and computational methods for analyzing data of the type shown in Figure 1 have been incorporated into a computer program, Epistat, described in detail by Chase et al. (1997) . This approach identifies QTLs, but does not orient them with respect to a marker locus; and therefore does not lead to the precision required for cloning genes. It has the advantage that it does not require a genetic map, but is limited in statistical power because it does not take advantage of linked markers. However, it is valuable for identifying QTLs associated with a trait and for characterizing the usefulness of a population for the study of quantitative traits. Moreover, it can be coupled with a genetic map to increase both its power and precision.
Adaptation to an Animal System
A mammalian population similar to the genetically simple plant populations described above would require more time, space, and labor to develop than would be feasible (even using mice). Genetic analysis of mammalian populations must overcome the following constraints:
The presence of many alleles. Frequent recombinations between QTL alleles and different marker alleles. Heterozygosity. Genotypes of individuals cannot be reproduced. Because of their genetic complexity, large mammalian populations provide less statistical power than simpler RI plant populations. Any mammalian population is much more expensive to maintain than its plant counterpart, restricting its size.
Certain existing mammalian populations offset many of these problems. Large populations with known genotypic structure can be divided into useful subpopulations with characteristics reminiscent of recombinant inbred lines. Preferably these should be derived from a small number of founders to reduce the number of haplotypes. Fortunately such populations are maintained extramurally, generally for other purposes.
Portuguese water dogs (PWDs) were developed by Portuguese fishermen for work in the fishing fleet. During the early part of this century the breed almost became extinct but was rescued and reconstituted from a few dogs during the 1940s and 1950s, founding the present population. The breed was introduced into the United States in 1971 and U.S. lines are descended from a small group of ancestors. Two kennels were responsible for most of the lines, forming the Algarbiorum and Avalade lines of descent ( Braund and Miller 1986; Molinari 1993) . Since their introduction into this country, careful pedigree records have been kept, tracing the current population to their Portuguese ancestors.
We have accurate pedigree information for more than 6,000 living dogs. Pedigree records are available from the Portuguese Water Dog Club of America and from the American Kennel Club. There has been a 10-fold increase in dogs in the last 10 years and the current rate of increase in the population is 500-700 births per year. The breed has been highly inbred, including a large number of backcrosses and sib to sib matings. The population includes many litters derived from the same parents and many more in which one sire or dam repeatedly served as a parent. Figure  2 presents the extended kindred derived from a popular sire and two of his sons as sires. Such kindreds have little recombination and high consanguinity, again reminiscent of the RI soybean population. The available descriptions of this population, together with the excellent pedigree information and the cooperative collaboration of owners and breeders, led us to the decision to use this population as a model mammalian system for quantitative genetic research. We have used simulations to test whether statistical and computational methods developed to identify QTLs in soybean can be effectively extended to the PWD population.
Materials and Methods
We constructed the pedigree database from data collected primarily by Karen Miller, Jeanette Babbitt, Jody VanLoan, and Joan Bendure. Additional information was obtained from the American Kennel Club. We developed a program, Georgie, to organize and display the pedigree information. Blood and hair samples were donated by owners/breeders and collected by Karen Miller. Data in Figure 1 on soybean were taken from Mansur et al. (1996) for Minsoy-Noir segregants or from Orf and Lark (unpublished data) for MinsoyArcher and Noir-Archer segregants.
Simulations
We simulated a QTL with an average effect ␣-linked to a marker with a recombinational frequency of r. We categorized each trial of the simulation according to the amount of variation explained by the QTL. Because only one QTL was simulated for each trial, the amount of variation explained by that QTL is equal to the heritability of the simulated trait and will hereafter be referred to as the heritability (h 2 ). For each h 2 category the probability of detecting a QTL was estimated as the fraction of trials that resulted in an LLR of 6.0 or greater. The probability of identifying a QTL that was not present (i.e., the probability of a false positive) was estimated as the probability of detecting a QTL when h 2 ϭ 0. Each trial consists of five steps:
1. Assigning genotypes to the founders (i.e., those dogs for which the parents were unknown). 2. Establishing genotypes in subsequent generations by simulating meiotic events. 3. Assigning phenotypes to the dogs based on QTL effects and random noise. 4. Categorizing the trial according to the realized heritability, which depended upon the size of the QTL effect as well as frequency of the QTL allele. 5. Assessing the detectability of the QTL using likelihood methods.
Assigning Genotypes to the Founders
We assigned random genotypes to the 72 founders. Each founder received two ran- Assigning random haplotypes in this manner is a worst-case scenario, which assumes that there is no relationship between the founders and results in a conservative estimate of the probability of detecting a QTL. Using the first seven letters of the alphabet to denote seven alleles, and using bold letters to denote the QTL alleles, a dog with marker alleles A and C and QTL alleles B and A has a genotype AB/CA.
Simulating Genotypes Based on Pedigree Information
After assigning the genotypes of the founders we established the genotypes for all the subsequent dogs by simulating meiotic events within their parents (i.e., randomly selecting a gamete and simulating the possibility of recombination). For example, a dog whose sire had the genotype AB/CA and whose dam had the genotype GD/FA would have the genotypes and corresponding probabilities shown in Table 1 .
Assigning Phenotypes
We assigned a phenotype to each dog by first assigning a random value from a standard normal distribution, then adjusting the values depending upon the genotype to create a QTL with an average effect of ␣. For a dominant QTL, each dog that had the A allele in either homolog (e.g., CA/ GD, AA/FD) had phenotype increased by ␣. For a recessive QTL, each dog that had the A allele in both homologs (e.g., AA/FA, CA/FA) had phenotype increased by ␣. For each of the 5,000 simulations of genotype, we created phenotypes with values uniformly distributed over the range 0.3-1.0.
Categorizing the Trial by h 2
We categorized each trial according to the realized heritability (h 2 ). Because we simulated only one QTL at a time, the h 2 is identical to the coefficient of determination, calculated as
where SS A ϭ the sum of squares for the dogs with the A allele (the weighted QTL allele), SS X ϭ the sum of squares for all the other dogs, and SS T ϭ the sum of squares for all of the dogs. h 2 depends on the average effect (␣) and the proportion of individuals that received that effect. For any value of ␣, the h 2 would be highest when exactly half of the population receives the effect.
Assessing the Detectability of the QTL
The phenotype was adjusted according to the QTL genotype. However, we assumed that our only means of detecting the QTL was by using the marker alleles. Because any of the marker alleles could be associated with the A allele of the QTL, we had to check all of the marker alleles to see which resulted in the largest likelihood score. For the dominant simulations there were seven LLRs for each trial corresponding to the seven different marker alleles. For the recessive simulations there were 28 different LLRs for each trial corresponding to the 28 different marker genotypes. We adopted the conservative approach of taking the maximum LLR from each trial to represent the best chance of detecting that particular QTL. The LLR for each marker allele or genotype was calculated as
where n m ϭ the number of dogs with the marker allele or genotype, m ϭ the mean of the dogs with the marker allele or genotype, n x ϭ the number of dogs without the marker allele or genotype, x ϭ the mean of the dogs without the marker allele or genotype, T ϭ the mean of the total population, and ( T ) 2 ϭ the sample variance for the total population.
Consanguinity
The consanguinity between two dogs is the probability that two gametes taken at random, one from each, carry alleles identical by descent ( Falconer 1989) . The theoretical consanguinity f(i,j) between two dogs i and j was calculated from the pedigree using the following recursive formula:
if i is in an earlier generation than j,
if i is in the same or a later generation than j, where sire(x) ϭ the sire of dog x, and dam(x) ϭ the dam of dog x.
We estimated the actual consanguinity between pairs of dogs using 30 SSR molecular markers. The consanguinity was estimated as
where n m ϭ the number of marker alleles found in both dog i and in dog j, and n T ϭ the total number of markers checked.
Results

The Pedigree Database and Its Analysis
In collaboration with several breeders, we have used pedigree records to calculate consanguinities in the existing population. Our current database contains about 8300 dogs. We have created a computer program, Georgie, for the management and analysis of PWD information, including parentage, genotype (marker alleles), and phenotype (age, sex, litter size, morphological data, health-related data, disease severity, etc.) for each dog. Georgie can select groups of animals with particular phenotypes or genotypes. Ancestors can be added to any selected group to include members of any previous generation that contributed to the genotype of the selected subpopulation. In this manner, a population can be selected that contains living dogs of a particular phenotype as well as their ancestors. Figure 3 presents as an example the subpopulation containing dogs affected with progressive retinal atrophy (PRA), showing relationships among affected individuals and pointing toward a suspected founder that introduced the gene into the population.
Consanguinity
From the pedigree information, Georgie calculates the relatedness of any two dogs as the probability that the two alleles chosen at random at the same locus are identical by descent ( Falconer 1989) . The pro- gram can select groups of dogs in which all pairs of individuals have consanguinity greater than a preset threshold. In Figure  3b , consanguinity is indicated by grayscale shading. We have tested the pedigree information for a subset of 56 dogs by comparing the consanguinities calculated from the pedigree with consanguinities determined experimentally by molecular genotyping ( Figure 4 ; Jarvik T, unpublished data). The agreement is excellent, strengthening our confidence in the validity of the pedigree information. The nonzero intercept is an estimate of the average consanguinity among founders, indicating that the founders were not unrelated. The scatter is due to errors in estimation with only 30 markers and possible genotyping errors.
Simulated QTLs
We have simulated QTLs in order to test whether alleles with particular levels of effect and gene frequencies can be detected with our statistical methods (as detailed in Materials and Methods). Seven marker alleles were randomly distributed among the population founders, one of which was linked to a distinguishable QTL allele that produces an effect on the quantitative phenotype. We refer to this distinguishable allele as QTL. The other alleles at the QTL produce no effect on phenotype. The marker and QTL alleles spread through the population assuming a recombination frequency between them of 2%, 5%, or 10%.
Various subpopulations were then evaluated for the phenotypic distributions associated with the marker alleles. Samples of the cumulative distributions obtained are shown in Figure 5 (compare with the distributions for the RI plant populations obtained from Epistat shown in Figure 1 ). Each marker allele ( black) is compared to the aggregate of the other marker alleles (gray). Each simulation was evaluated for the heritability of the phenotypic trait due to QTL, the fraction of phenotypic variation explained by the marker allele in question (R 2 ), and the statistical significance of that variation (P value). Figure 5 illustrates characteristics which might be encountered when attempting to identify a marker allele linked to QTL. Heritabilities will differ as a function of the magnitude of the effect of QTL and the frequency with which the effect is expressed. In this example, the recessive QTL happens to be expressed more frequently (11%) than the dominant QTL (6%), leading to the higher heritability. ( In most simulations, a recessive QTL will be expressed less frequently than a dominant QTL.) This heritability, however, is not accessible to an experimenter capable of genotyping only a marker linked to the QTL. Because the recessive QTL is associated with several marker alleles (only one of which is examined in Figure 5b ), the value of R 2 associated with the marker allele is low. In contrast, despite the lower herita- Each value is the result of 5000 simulations. The three populations are described in the text. a The subpopulation and the heritability category. b The fraction of QTL detected if a dominant QTL segregates in the PWD population as a whole, but not necessarily in each of the subpopulations. The results are for markers linked with the QTL by 2% recombination. c The fraction of success expected when the QTL is known to segregate in the subpopulation. Two and 5% recombination are shown (r ϭ 2, r ϭ 5) corresponding to markers every 4 or 10 cM. d Similar data as in footnote c except for a recessive QTL. bility of the dominant QTL, the R 2 is higher because almost all individuals expressing QTL share a single haplotype. The difference in statistical significance between the two examples results from the number of individuals with the selected haplotype.
As with the plant system, the graphic display of the actual data calls attention to interesting patterns, such as the absence of extremely high phenotypic values in the marker-linked group in the recessive case ( Figure 5b ) compared to the dominant case ( Figure 5a ).
Probability of Identifying QTLs
Five thousand simulations like those described in Figure 5 were carried out for a range of phenotypic effects produced by QTL. We examined the probability of detecting the QTL as a function of the amount of heritable variation, the recombinational distance of the QTL from the marker locus, the size of the population, and the consanguinity of the chosen subpopulation. Table 2 This population is related on the male side but not on the female, and has reduced recombination because it is confined to three generations. 3. A consanguineous subpopulation of approximately 630 dogs born after 1990, selected using Georgie. Each individual is related to any other by a consanguinity of 0.25 or more (0.25 is the consanguinity of full siblings derived from unrelated parents). Figure 6a shows the probability of identifying a dominant QTL as a function of its heritability (h 2 ). The probability of identi- Figure 6 . Probability of identifying a QTL as significant ( LLR Ͼ 6). We carried out simulations as described in Materials and Methods. Five thousand simulations were carried out for each point on each curve. In (a) and ( b) results were categorized according to the heritability of the phenotypes (see Methods). In all of the subpopulations, the QTL was segregating and was closely linked to the marker locus (2 cM). (a) Three different subpopulations (see text for description of each). (b) Subpopulations selected from the larger subpopulation of 628 highly consanguineous dogs. Each subset was selected by choosing dogs at random. Notice the close correspondence between the results for the "popular sire" population in (a) with the subset of 400 highly consanguineous dogs in ( b). (c) The probability of identifying a dominant QTL ( LLR Ͼ 6) at 5% heritability graphed against the percent recombination separating the QTL from the marker locus. Results for all three subpopulations are shown. fying a QTL depends on the extent to which recombination has distributed QTL over different haplotypes. Figure 6a displays the probability when QTL, located 2 cM from the marker locus, is present and segregating in the subpopulation. When QTL has a high heritability (h 2 Ͼ 0.10), it is easily detected in both the breeding pair and the consanguineous subpopulations. At lower heritabilities, the consanguineous subpopulation is more powerful because it includes fewer haplotypes. The "popular sire" subpopulation is less powerful because it is smaller.
In general, large populations are essential for identifying QTLs of small effect. Figure 6b shows that the probability of detecting a QTL decreases as population size becomes smaller, particularly in the consanguineous subpopulation at lower heritabilities. Consanguineous subpopulations with 600, 400, 200, or 100 individuals cannot be used to detect QTLs with heritabilities less than 2%, 3%, 6%, and 15%, respectively. The results for the "popular sire" subpopulation ( Figure 6a ) are identical to the consanguineous subpopulation of 400 individuals.
It is possible that at low heritabilities, the probability of detecting QTLs depends primarily on a few QTLs which control large phenotypic differences. When we restricted attention to low heritabilities, however, QTLs with small effect were identified as frequently as in Figure 6a . Simulations with QTLs of large effect confirm that larger QTLs only contribute significantly at high heritabilities.
Increased recombination reduces the ability to identify QTLs ( Figure 6d ). This decrease is not disproportionate, in that a fivefold increase in recombination leads to no more than a fivefold decrease in detection. Coupled with the fact that larger population size can produce a disproportionate increase in detection ( Figure 6b ), this suggests that identifying QTLs will be more efficient with fewer markers and more dogs.
The results in Figure 6 were obtained simulating dominant QTLs. Almost identical results were obtained for recessive QTLs. Recessive QTLs require only slightly larger populations for detection, and recombination reduces the probability of finding QTLs only slightly more than with dominant QTLs. Again, the optimal strategy for finding recessive QTLs appears to be the use of larger consanguineous subpopulations and fewer marker loci. A survey of those simulations which produced phenotypically important recessive QTLs indicated that almost all of the recessive phenotypes were homozygous for the marker allele, generally descended from the few founders that were the majority contributors to the gene pool. Table 2 summarizes simulations for the three subpopulations, presenting the probability of finding a QTL when the heritable variation in each population is 5% or 10%. Column B presents the probability of finding a dominant QTL less than 2 cM from a marker locus when the trait is segregating in the total PWD population with a heritability of 5% or 10%, but not necessarily segregating in the subpopulation. Under these circumstances, a QTL is most likely to be identified with the breeding pair subpopulation, because it has the broadest genetic base and more segregating alleles. However, if a QTL is known to be segregating in the subpopulation (column C) the consanguineous population presents a better approach. The smaller size depresses the chances in the "popular sire" subpopulation. Finally, a recessive QTL can be identified almost as readily as a dominant QTL if it is segregating in a subpopulation.
Discussion
Our simulations support the conclusion that the methods we have used to identify plant QTLs can be used to find QTLs in the PWD population. However, it is necessary to offset the disadvantages of this mammalian system by using a large inbred population with relatively few haplotypes. For this purpose, the existence of an accurate population pedigree derived from a few founders is a powerful tool. Using the computer program Georgie, we can select large consanguineous populations, reducing the statistical noise contributed by unimportant founders. We identified a consanguineous subpopulation much larger than the largest based on sire descent. Adler and Chase (in preparation) have developed a method of identifying subpopulations in which the number of haplotypes due to recombination has been similarly reduced. This method produced no increase in efficiency when applied to the PWD population, suggesting that in this population recombination contributes less to haplotype diversity than founder effects. Nevertheless, this tool may be useful in other populations.
In order to survey the QTL structure of the PWD population, we have begun to establish a database of genotypic and phenotypic data. We have begun with the breeding pair subpopulation, a representative cross section of the total population. This population is only 75% less powerful for identifying segregating traits than the consanguineous subpopulation ( Table  2) , and the increased number of segregating traits could easily offset this disadvantage. In addition, the genetic characterization of this subpopulation can form the basis for studies of progeny. To date, we have collected DNA from approximately 300 individuals, with a target of 600. Phenotypes known to vary in the subpopulation include litter size and sex distribution, hair curl, the frequency of hollow hairs, color distribution (e.g., size of white apron on chest), length of tail and ears, paw size, body size and weight, dentition, hip and femur morphology, and other body morphometrics. A survey of body morphometrics comprising 300 dogs yielded conservative estimates suggesting that at least 8 of 12 traits surveyed will be suitable for QTL identification in the Portuguese water dog.
The genetic variation in the population could be controlled by one or several QTLs. For example, in a population in which 20% of the variation has a genetic origin (h 2 ϭ 0.20), four QTLs with equal effects could each be responsible for 5%. A breeding pair subpopulation of 600 with recombination frequency of 5% provides a 30% chance of identifying such a QTL. If the canine genome is 4000 cM, we could achieve this coverage with 400 suitably placed markers, 10 cM apart. Our experience with plants and the existing literature on mammals suggests that several such large QTLs could exist for each trait (Andersson et al. 1994; Berrettini et al. 1994; Cheverud et al. 1996; Georges et al. 1995; Spelman et al. 1996) .
Our estimates throughout have been conservative. The simulations assume a worst case; preexisting recombination between founders had distributed haplotypes at random over the seven marker alleles. This is almost certainly not the case. If the distinguishable allele of the QTL were restricted to only one founder haplotype, the probability of identifying the QTL increases from 30% to 80% (at 5% recombination). The actual chance of success probably lies somewhere between these limits.
Our approach can also be used to estimate the chances of identifying disease genes with partial penetrance. For example, a recessive disease gene with 40% penetrance would be expressed in only 40% of homozygous individuals. This would result in a decrease in heritability from 25% to 10%. If a subpopulation of 600 highly consanguineous individuals carrying such a gene could be identified, a more than 50% chance of finding the gene (at an LLR greater than 6) requires only one marker every 10 cM.
Conclusions
The Portuguese water dog has changed from an Iberian working dog to a beloved pet throughout the world. Breeders no longer work informally to produce the best workers, but maintain accurate pedigree records to maintain the breed. With this new role and new management, the breed provides a valuable tool for dissecting the genetic basis of quantitative traits in a mammalian population. The accurate pedigree involving over 8,000 dogs derived from relatively few founders, the existence of quantitative trait variation, and the developing suite of markers make this population ideal for the application of methods developed to study the genetics of recombinant inbred plant populations.
Our simulations of these methods have shown that QTL with realistic effects can be identified in such a population, even without significantly altering techniques developed for plants. The simulations show that careful choice of subpopulations for extensive phenotypic and genotypic analysis can further improve these odds. First, choosing subpopulations of individuals with high consanguinity increases the chances of identifying segregating QTLs. Second, the increased power from studying larger subpopulations outweighs that from using a larger set of markers. The population of Portuguese water dogs, with its large size and accurate pedigree, should allow us to capitalize on these two observations. Once this population is genotyped, it should become a valuable resource for a variety of studies involving morphological, physiological, behavioral, and disease phenotypes.
